Abstract: Most of the waterborne disease outbreaks observed in North America are associated with rural drinking water systems. The majority of the reported waterborne outbreaks are related to microbial agents (parasites, bacteria and viruses). Rural areas are characterized by high livestock density and lack of advanced treatment systems for animal and human waste, and wastewater. Animal waste from livestock production facilities is often applied to land without prior treatment. Biosolids (treated municipal wastewater sludge) from large wastewater facilities in urban areas are often transported and applied to land in rural areas. This situation introduces a potential for risk of human exposure to waterborne contaminants such as human and zoonotic pathogens originating from manure, biosolids, and leaking septic systems. This paper focuses on waterborne outbreaks and sources of microbial pollution in rural areas in the US, characterization of the microbial load of biosolids and manure, association of biosolid and manure application with microbial contamination of surface and groundwater, risk assessment and best management practice for biosolids and manure application to protect water quality. Gaps in knowledge are identified, and recommendations to improve the water quality in the rural areas are discussed.
Waterborne Outbreaks in Rural Areas in the US
Most of the waterborne disease outbreaks worldwide and in North America are associated with rural drinking water systems. According to Craun et al. [1] , in the United States during the 12 years period of 1991-2002, 207 waterborne disease outbreaks and 433,947 illnesses were reported; 42% of these outbreaks occurred in non-community water systems, 22% occurred in individual systems such as private wells, and only 36% occurred in community systems. In most cases the drinking water supply in rural areas is provided by groundwater wells that in some cases are shallow. Between 1981 and 1998, 50% (210 of 417) of the reported waterborne disease outbreaks were linked to contaminated groundwater [2, 3] . 696 outbreaks have been reported in the US between 1971 and 2000, of which 59% were linked to groundwater [4] .
Most of the reported waterborne diseases outbreaks in North America were related to microbial agents (parasites, bacteria and viruses), some to chemical agents, and some were of unknown etiology. For example, a survey by the Centers for Disease Control and Prevention (CDC) reported that one sixth (5 out of 30 cases) of drinking water-associated waterborne disease outbreaks during 2003-2004 were of unknown etiology because of a lack of available analytical methods [5] . The US EPA suspects that many of the outbreaks due to unidentified sources were caused by enteric viruses [6] . Zoonotic and human viruses are of particular interest because viruses are the smallest of all pathogens and their small size can facilitate transport through the soil. Viruses have low die-off rates and viral infections may lead to chronic health effects.
Runoff carrying manure-borne microbial pathogens have been implicated in some of the largest water and food borne outbreaks [7] [8] [9] ; in contrast, it is important to state that there are no scientifically documented outbreaks or excess illnesses that have occurred from exposure to pathogens associated with treated biosolids [10] . An outbreak that occurred in a small farming community in Canada demonstrated that the potential of human infections caused by zoonotic pathogens (pathogens that may infect both animals and humans) has serious consequences [7, 9] . More than 2300 people in the town of Walkerton, Ontario suffered gastrointestinal illness and seven died when the water supply was contaminated by manure pathogens from a nearby farm after more than five inches of rain fell over a five day period in May 2000 [7, 9] .
During March and April 1993 water contaminated with Cryptosporidium oocysts from Lake Michigan caused a massive waterborne outbreak of cryptosporidiosis among residents of Milwaukee, Wisconsin. The source of contaminated water was most likely runoff from rural areas during high rainfall. It was estimated that 403,000 residents living in a five-county area and numerous visitors to the city of Milwaukee were sick during this outbreak and 58 lost their lives [11] .
In recreational waters, fecal contamination from bathers has been an important source of exposure. During 1971-2000, 259 outbreaks associated with recreational activities have been reported, 144 outbreaks (56%) were associated with recreation in untreated natural water such as lakes and streams; the remaining of the recreational outbreaks occurred in treated water such as swimming pools [12] . Fecal contamination from bathers, septic tanks, runoff from agricultural areas, and other sources was identified as the important cause of outbreaks in untreated recreational waters. Zoonotic bacterial agents such as E. coli O157:H7 and O121:H19 caused 38% of the outbreaks associated with untreated natural recreational water [1, 12] .
Sources of Microbial Pollution in Rural Areas in the US
The nexus between water quality and public health in the rural environment is complex. Non-point sources of contaminants are common and there is little monitoring of the system or the types of pollutants and emerging contaminant risks. Human and zoonotic pathogens and other microbial pollutants are a particular concern. Water quality research tends to focus on urban areas and sophisticated treatment systems. Water and waste management in rural areas is often minimal and water quality monitoring is sporadic. Rural areas typically have high density livestock housing and lack of advanced treatment systems for animal and human waste and wastewater. Animal waste from livestock production facilities is often applied to the land without prior treatment. Domestic wastewater is often treated on-site by septic systems without regular monitoring.
There is a potential risk of human exposure to waterborne contaminants such as human and zoonotic pathogens originating from manure, biosolids, and leaking septic systems in rural areas [13] [14] [15] . Livestock manure has been spread on the land as fertilizer and also for disposal. Manure and other wastes of various livestock often contain high concentrations of pathogens. Levels of pathogen in manure depend on the source animal, the animal's state of health, and how the manure was stored or treated before use. Non-point sources of contamination by manure include pastured animals, roaming wild animals, and leaching or runoff from agricultural areas. Point sources of manure contamination include animal feedlots, animal housing facilities, and manure storage areas, such as lagoons [16] , resulting in soil and water contamination.
Biosolids (treated municipal wastewater sludge that meets standards for use as a fertilizer or soil conditioner); from large wastewater utilities in urban areas are often transported and applied to land in rural areas. Land application of biosolids provides agricultural benefits and presents a cost effective method for disposal of treated sludge following wastewater treatment; however, reuse of this product presents health concerns that must be addressed. Health concerns include pathogen transmission to food, contamination of ground water or surface water from field runoff, and build-up of heavy metals or organic contaminants [17, 18] . Because biosolids may contain human pathogens [13, 19] , exposure to biosolids has raised human health-related concerns. The microbial load of biosolids that are routinely applied on farm land varies depending on the type of sludge treatment and common sludge treatment processes do not completely inactivate pathogens.
Characterization of Biosolids and Manure
In 2004, a US national biosolids survey indicated that about 6.50 million tons of dry biosolids were produced in the US; and approximately 55% of the total was applied on land as soil amendment [10, 20] . In 2006, the US EPA [21] estimated that more than 7.10 million tons of dry biosolids per year are produced in the US; about 50% of which are land applied. Land application of biosolids has increased since restrictions were placed on ocean dumping disposal. However, due to public concern over potential hazards, in some areas of the US land application of Class B biosolids has been banned. This is particularly true in California, where in many areas Class A land application has replaced Class B land application [22] .
Biosolids contain organic matter and nutrients, and when applied to farmland can improve productivity and reduce the need for manufactured fertilizer inputs [23, 24] . The main benefits of biosolids are through the supply of nitrogen, phosphorus, potassium, calcium, and magnesium, biosolids also supplying the essential plant micro nutrients (e.g., sulfur, manganese, zinc, copper, iron, molybdenum, and boron) [25] . Biosolids are a valuable source of nutrients although it contains lower N, P, and K compared to commercial fertilizers, especially high-grade ones [26] . A study of nutrient levels in biosolids [27] , with more than 240 samples collected and analyzed in Pennsylvania (aerobically digested, anaerobically digested, or alkali-treated) between 1993 and 1997 showed average N, P, and K contents of 4.74%, 2.27% and 0.31%, respectively. Nutrient values of biosolids vary with sources of wastewater and wastewater treatment processes, in general compared to cattle manure, biosolids have lower P, the N:P ratio is around (3.1-3.4) [27, 28] , and have limited amount of K [29] .
Even though biosolids are a beneficial soil amendment they may also pose a potential threat to the environment and pose risks to human health. There are potential hazards with land application since several contaminants can be present in biosolids including human pathogens [22, 24, 30, 31] . Pathogens contained in biosolids include viruses, bacteria, and animal and human parasites (protozoa and helminthes), which may cause various human diseases and illnesses [24, 32] . The characteristics and properties of biosolids vary depending on the quality and origin of sludge, along with the type of treatment processes [33] [34] [35] . Incomplete destruction, contamination from external sources, and changes in environmental factors during storage can lead to regrowth or reactivation of pathogens. Typical concentrations of some pathogens and indicators in biosolids are summarized in Table 1 .
The rapid growth of concentrated animal feeding operations (CAFOS) has caused an increase in the amount of manure produced annually in US. There are approximately 450,000 CAFOs in the US including dairy, cattle, pig, and poultry farms. An estimated 450 million tons of wet weight manure or 90 million tons of dry solids manure are generated annually from about 92 million swine, 109 million cattle, 292 million turkeys, and 7.5 billion chickens in the US [36] [37] [38] . US EPA estimates that a single dairy cow produces approximately 55 kg/day of wet manure [39] . Livestock and poultry manure can provide large quantities of valuable nutrients for crop and pasture when applied to land as a fertilizer but most of this manure is applied untreated. Historically, the environmental impacts of animal manure were principally associated with nutrients [40] . Manure application rates are usually based on crop N requirement which greatly increases soil P levels because, the N: P ratios of manure (2:1 to 4:1) are significantly smaller than N: P uptake ratios (6:1 to 8:1) for most crops. The excess P and N (as NO3) from manure application can be transported in runoff or leached into the groundwater. Recently, however, other constituents such as naturally excreted hormones and pathogens have been of interest [41] [42] [43] .
Although livestock manure is a good source of nutrients for crops and a natural way of recycling waste, raw manure is also a potential source of human pathogens if improperly stored and mishandled, or not managed correctly, fecal contamination from livestock manure handling and storage facilities is one of the most important sources of water microbiological pollution [21] . Animal manure depending on its origin can be a source of zoonotic pathogens such as Hepatitis E virus, Rotavirus A (some strains), Adenovirus (some strains), Aeromonashydrophila, Yersinia enterocolitica, Vibrio cholerae, Leptospira, Campylobacter jejuni, Escherichia coli O157:H7, Salmonella spp., Listeria monocytogenes, Cryptosporidium parvum, and Giardia lamblia [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . The concentration of some pathogens and indicators in manure are summarized in Table 2 . Notes: qPCR-quantitative polymerase chain reaction; MPNCU-most probable number colony forming unit; RT-PCR-reverse transcription polymerase chain reaction; PFU-plaque forming unit. Notes: CFU-colony forming unit; MPN-most probable number.
In the US, the quantity of manure application as a soil amendment is 30 times higher than the biosolids application [21, 23, 37, 38] . This is mostly due to high manure production and public acceptance of manure application practice for thousands of years [62] . In addition, most of the studies focus on the pathogens in biosolids, and there is lack of comparison studies for pathogens in manure [20, 62] .
In comparison, the benefits of biosolids as soil amendments are similar to those provided by animal manure, both provide important plant nutrients and organic matter. Animal manure contains more P than crops require if the application rate is based on N needs [40] . Most of the N in biosolids and manure is organic and becomes available to crops as it is mineralized. As a potential source of human pathogens public perception is that, biosolids pose higher risk to the public than animal manure. In fact, the risks associated with their use are not greater than the risks associated with untreated manure use. For example levels of E.coli indicator bacteria and Salmonella sp pathogens in manure are similar to biosolids (Tables 1 and 2 ). Overall quantitative data on total pathogen content and indicators in manure is limited comparing with biosolids.
Association of Biosolids and Manure Application with Microbial Contamination of Surface and Groundwater
Runoff from agricultural areas has been suggested as one of the major sources of nonpoint-source pollution [63] . Rainfall events may carry human pathogens in water runoff from contaminated sites to water bodies serving as recreational, irrigation or drinking water sources. The effects of nonpoint source pollutants on specific waters vary and may not always be fully assessed because they are not easy to identify. However, we know that nonpoint sources for biosolid and manure may have harmful effects on drinking water supplies, and recreation [64] . Nonpoint sources are difficult to control, and they pose a great threat to the integrity of the water bodies [17, 64] .
Microbial source tracking (MST) methods have recently been used to help identify nonpoint sources, several microbial source tracking studies have pointed to the application of biosolids and manure. Lapen et al. [14] , and Gottschall et al. [15] monitored tile-and ground-water quality for bacteria (Escherichia coli, enterococci, Clostridium perfringens) after land application of dewatered biosolids (using both spreading and surface injection application methods), and they found that there were no significant differences between using different methods of spreading biosolids, also they measured the concentration of the E. coli contamination in ground water.
In May 2000 runoff from a field treated with cattle manure contaminated a groundwater supply with pathogenic bacteria [65, 66] . In addition to human pathogenic E. coli and Campylobacter, other pathogens can also be present and survive in livestock manure. For example, human pathogenic protozoa, Giardia lamblia and Cryptosporidium parvum, can also be excreted by infected livestock and be transported in runoff events [67] [68] [69] . Microbial quality of runoff following land application of manure has been reported as an important source of microbial contamination of water bodies [18] . Studies involving fecal bacterial contamination in streams near dairy farms and cattle pastures [70, 71] , surface runoff from grazed pastures [72, 73] , and subsurface runoff from manure applied fields [74] demonstrated the ability of rain water runoff to transport bacteria from manure to surface water supplies. Rain events can also flush manure borne bacteria through the soil profile contaminating shallow groundwater [75] and springs and wells within the hydrological catchments of pastures [76] .
Land-applied manure has been shown to quickly enter subsurface drains by preferential flow through macro pores [77, 78] . Macro pores are large, continuous openings in the soil formed by plant roots, soil fauna, cracks, fissures and other natural phenomena. Shipitalo and Gibbs [34] reported that earthworm holes within 0.5 m of subsurface drains expedited the transmission of injected liquid to these drains. Soils under no-till crop management often have more continuous flow channels (macro pores) than tilled soils [79] [80] [81] , and this may contribute to the rapid movement of injected manure to the subsurface drains.Bacterial contamination of drainage effluent was reported to be most likely in: (a) artificially drained, wet soils; (b) soils receiving high rates of liquid manure; and (c) soils that demonstrated preferential flow [82] . Several studies [77, [83] [84] [85] [86] reported that the application of liquid manure to drained fields resulted in elevated levels of nutrients and bacteria in the receiving waters compared to sites where liquid manure was not applied.
MST study on recreational water contamination in southeastern Lake Huron demonstrated that the dominant source of E. coli in lake water samples was agriculture, which supplied about 60% of the bacteria to the lake, whereas human sources provided only about three percent [87] . In addition, one study carried out on the South Shore Beach in Milwaukee concluded that the high E. coli levels were from local sources of pollution and were rarely affected by regional contamination events such as sewage overflows [88] . Another study by Verhougstraete and Rose [89] , demonstrated that two sites in Lake Michigan have been impacted by bovine pollution, (67%) samples were positive for the bacteroides cow marker. The bacteroides results indicate the major source of fecal contamination at both sites was cow manure.
Bacteria containing antibiotic resistance gene can also be released to the environment [90] . Although the levels of antibiotics in the environment are usually far below threshold levels to have inhibitory effects on bacterial populations, they still exert selective pressure on the development of antibiotic resistance in bacteria. The presence of antibiotic resistance genes in various environmental settings including river sediments, irrigation ditch water, dairy lagoon water, drinking water treatment plants and wastewater recycling plants has been confirmed [91, 92] . Antibiotics and antibiotic-resistant bacteria can be released into streams and groundwater near concentrated animal feeding operation facilities [93] [94] [95] [96] . In a study by Chee-Sanford et al. [94] . The presence of tetracycline resistance genes has been confirmed in waste lagoons on two swine farms, and in the groundwater underlying the two farms. These antibiotic-resistant genes may be transferred horizontally between bacterial species, even to animals and humans [97, 98] .
In addition, Munir and Xagoraraki [99] reported that 24 manure samples from three farms and 18 biosolids samples from seven different wastewater treatment plants across Michigan were analyzed for tetracycline and sulfonamide resistance genes (Tet-W, Tet-O, and Sul-I). They reported high concentrations of antibiotic resistance genes in manure and biosolids samples. The concentrations of antibiotic resistance genes in manure was significantly greater than in biosolids and the background soil samples had significantly less contaminations than the biosolids and manure.
Risk Assessment
Land application of biosolids and manure may cause human risks of infection for residents and occupational workers. Manure and biosolids, when applied to the land, may contribute to pathogens in surface water, air, soil and groundwater depending on extent of precipitation, aerosolization, and fate and transport of pathogens on surface soil, in subsurface soil media and in air (Figure 1) . Human exposure to pathogens might occur from one or more of these exposure routes. Once infected, chances of illness and mortality depend on pathogen type and human susceptibility. The risk of human exposure to biosolids-associated pathogens has been assessed in several studies (Table 3) . It is important to mention here that the reviewed studies are examples and do not represent a complete list of all published studies. Risk of infection to residents and occupational workers during land application of biosolids depends on pathogen type, pathogen concentration in biosolids, pathogen concentration in air after aerosolization, pathogen concentration in soil, biosolids application methods and location of receptor from biosolids application activities [18, [100] [101] [102] 108] . For example, Gerba et al. [100] estimated risk of infection from enteric viruses during mixing of biosolids with soil for an assumed hypothetical exposure scenario. They reported that risk of daily infection from rotaviruses present in biosolids ranged from 7.8 × 10
(when mixed with soil) to 2.11 × 10 −1 (without any mixing with soil) (enteric virus concentration in biosolids = 5.13 MPN/4g biosolids; soil ingestion rate = 480 mg/d). In addition, some studies conducted sampling of microbial indicators and pathogens to determine concentration of pathogens in air and water media for estimating risk of infection for different hypothetical exposure scenarios [18, 101, 102, 108] . They observed microbial concentration with distances and sampling heights for different weather conditions (wind velocity and direction, relative humidity and temperature) to develop empirical fate and transport models. These studies have generally focused on estimating risk of microbial infection from one medium only [14, [100] [101] [102] 108] . However, different environmental compartments (i.e. air, surface water, soil, groundwater, vegetables) may be contaminated during land application of biosolids depending of methods of biosolids application (i.e., surface application, injection method). It is important to consider risk of infection from different environmental compartments to estimate the overall risk of infection during land application of biosolids.
To incorporate risk assessment and fate of biosolids-associated pathogens in different environmental media, Eisenberg [109] and Galada et al. [110] developed fate and transport models of pathogens after biosolids application using different application methods and predicted risks of infection for different exposure subpopulations. For example, the model "Spreadsheet Microbial Assessment of Risk: Tool for Biosolids "SMART Biosolids" included estimation of risk of infection due to more than 20 pathogens from surface water, air, groundwater, vegetables and soil during land application of biosolids [109] . In general, the following information is needed to run these comprehensive multi-compartment models: (a) weather-related information; (b) pathogenic concentration in biosolids; (c) biosolids application method; (d) decay of pathogens in different environmental media; (e) exposure-related information; and (f) dose-response information of different pathogens.
During land application of manure, some studies have conducted assessment of risk of pathogenic infection. Findings presented in Table 3 . For example, Brooks et al., 2012 [105] compared risks of microbial infection during land application of manure and biosolids and found that risks of bacterial infection were higher during manure application activities and risks of viral infection were higher during biosolids land application activities. They further reported that risks of infection were higher due to land application of biosolids than land application of manure due to high infectivity of viruses. They also mentioned that risk estimates involved uncertainties due to lack of availability of concentration levels, field-specific inactivation rates of pathogens, and pathogens decay and regrowth rates. In another recent study by Jahne et al., 2014 [107] on risk assessment of bioaerosols from a manure application site indicated that peak risks (95th percentile values) were found to be very high (1:250) at 100 m distance from the source. During application of dairy wastewater, Dungan, 2014 [106] estimated inhalation risks of residents due to exposures of pathogens (Campylobacter jejuni, Escherichia coli O157:H7, non-O157 E.coli, Listeria monocytogenes, and Salmonella spp.) in bioaerosols and found that risks were higher near the source and infection, and depended on weather conditions and setback distance. They reported the need for data on: (a) aerosolization efficiency of pathogens during spray irrigation of wastewaters; (b) inactivation and deposition rates of airborne pathogens under various environmental conditions; (c) inhalation transmission and dose-response of enteric pathogens in humans; and (d) exposure frequency and duration of affected populations.
A comparison of findings of risk assessment studies on pathogenic exposure from biosolids and manure indicated that risks of infection varied with setback distance, weather conditions (wind speed and direction, relative humidity, and temperature). Pathogen levels and extent of pathogen release from biosolids and manure during aerosolization and leaching due to rain events [68, [111] [112] [113] [114] was found to differ. Pathogen-related information needs to be obtained from fields and for conditions in which biosolids and/or manure are applied. Subsequently, pathogen-related fate and transport and risk models can be used.
Best Management Practices for Biosolids to Protect Water Quality
In 1993, the US EPA [115] established standards for land-applied biosolids under 40 CFR Part 503. Part 503 describes quantitative standards, management practices, operational standards, monitoring, recordkeeping, and reporting requirements for the use and disposal of biosolids. Individual states may develop additional guidelines so long as the state guidelines meet the minimum requirements of the federal Part 503 rule. Biosolids standards include limitations for metal and other compounds, pathogen reduction, vector requirements, best management practices, and include limitations for the land application of biosolids. Biosolids are physically, chemically and biologically treated to reduce pathogens to levels specified for Class A and B designations.
Class B biosolids (restricted use) are treated but still contain detectible levels of pathogens. Sludge to produce class B biosolids is treated using a "Processes to Significantly Reduce Pathogens" (PSRP), such as aerobic digestion, anaerobic digestion, air drying, and lime stabilization, which reduce but do not eliminate pathogens. Mesophilic anaerobic digestion (MAD) is the most prevalent treatment process for Class B biosolids in the US with a mean reduction in pathogen or indicator cultivability of 1 log [116] . Class B biosolids must meet one of the three alternatives requirements: (1) Monitoring of indicator organisms based on fecal coliform; the geometric mean of the density of fecal coliform must be less than 2 million Colony Forming Units (CFU) or Most Probable Number (MPN) per gram of total dry solid in seven grab samples of sludge within one day, at the time of biosolids use or disposal; (2) Use of PSRP to significantly reduce pathogens; (3) Use of processes equivalent to PSRP, as determined by the permitting authority. Regulations for land application of Class B biosolids limit human exposure to pathogens by delaying harvesting post application, and prohibit the use of Class B biosolids on food crops eaten directly without processing. Class B biosolids can be applied on grain and forage crops, pastures, and grassland.
Class A biosolids (unrestricted use) contain no detectible levels of pathogens and low levels metals. Class A biosolids are treated by one of several "Processes to Further Reduce Pathogens" (PFRP), such as composting, pasteurization, drying or heat treatment, or advanced alkaline treatment, which reduce pathogens to below detectable levels. Class A classification is required for application onto public-use sites and certain food crops. This includes residential areas or home gardens, road banks, parks, golf courses, schools and other similar areas. Class A biosolids must meet one of the following bacteria limitations; fecal coliform is less than 1000 MPN per gram of total dry solid or Salmonella sp. bacteria density is less than 3 MPN per 4 grams of total dry solid. Class A biosolids pose minimal risk associated with use on edible food crops as a result of prior treatment that eliminates pathogens.
The Part 503 rule specifies upper limits for nine trace elements (Arsenic, Cadmium, Copper, Lead, Mercury, Molybdenum, Nickel, Selenium and Zinc) in sewage sludge to be land applied. Four options exist for meeting pollutant limits: The ceiling concentration limits (CCL), exceptional quality (EQ), cumulative pollutant loading rate (CPLR), and annual pollutant loading rate (APLR). Subpart D of the 503 rule addresses alternatives for limiting vectors such as rodents, birds and other organisms that could potentially spread disease by transporting pathogens from the application site. The goal of vector attraction reduction efforts is to either reduce the attractiveness of the biosolids to vectors by reducing organic matter (e.g., digestion, alkaline addition) or prevent vectors from coming into contact with the biosolids (e.g., subsurface injection or tillage incorporation within a short period of time after land application).
When biosolids are applied on agricultural land, they are applied at an agronomic rate to meet nitrogen requirements of the crop (CFR 40, Part 503.11) and prevent nitrogen loss to the environment. Individual states are allowed to expand the federal Part 503 rules to address state specific needs and concerns. In Michigan, Part 24 Rules of MDEQ [117] expands the Part 503 definition to include phosphorus and potassium in total nutrient management plans for crops grown at biosolids land application sites [117] .
Biosolids cannot be applied to agricultural land if the phosphorus Bray P1 soil test is greater than 150 ppm or 170 ppm based on the Mehlich 3 soil test.
Specified management practices for the land application of biosolids prohibit application of bulk sewage sludge if the site is likely to adversely affect a threatened of endanger species, cannot be applied to flooded, frozen or snow-covered ground or within 10 m from water bodies (CFR 40, Part 503.14). The state of Michigan expanded the general restrictions in Part 24 Rules to include a separation distance of 600 m from municipal wells, 30 m from domestic wells, homes and commercial buildings, and 15 m from surface waters. A minimum separation distance of 0.75 m between the soil surface and groundwater is required when biosolids are applied. There are many regional variations in required set-back distances and other management practices to protect the environment and public health [118] [119] [120] [121] [122] .
Because biosolids are frequently used as a source of crop nutrients there are restrictions on the timing of biosolids application and delay time between land application and crop harvest. Michigan Part 24 Rules prohibits the harvest of food crops for periods ranging from 14 to 38 months depending upon the crop following application and the method of application. A landowner cannot harvest food crops, feed crops, and fiber crops for 30 days after biosolids are applied. Livestock are not permitted to graze on land for 30 days after a biosolids application.
In conclusion, current biosolid treatment technologies that have been required by Part 503 Rule, with existing regulations and guidelines governing the use of biosolid as a soil amendment, are sufficient to protect human health and the environment [20] .To date there is no documented scientific evidence that the Part 503 Rule has failed to protect public health.
Best Management Practices for Livestock Manure to Protect Water Quality
Runoff from the farmstead, pastures and fields where manure has been stored, deposited or applied can transport pathogens, sediment, organic solids, and nutrients to surface waters. Tillage and manure management practices that quickly move manure into the soil and root zone will protect water quality by recycling valuable crop nutrients and stabilizing potential contaminants by filtration, and sorption.
Best management practices (BMPs) are proven practical and affordable soil and water conservation and management approaches. BMPs vary from region-to-region and field-to-field because of variability in site-specific conditions and for flexibility to address local concerns. BMPs are determined through a collaborative effort of local stakeholders including farmers, extension educators, agribusiness professionals, regulatory agencies and technical service providers, and include cover crops, conservation tillage, buffer strips and set-backs along with soil and manure testing to implement management practices that prevent the loss of nutrients and biological contaminants to the environment.
All states have Right-to-Farm laws. For example, in Michigan, the Farm Act (P.A. 1981, No. 93) was adopted and amended in 1987 (P. A. 1987, No. 240 ) to protect the environment and to protect crop and livestock producers from nuisance suits if they are in compliance with Federal, state and local laws, and follow recommended manure management practices [123] . P.A. 1981, No. 93 authorized the development of Generally Accepted Agricultural and Management Practices (GAAMPs) for farms and farm operations. GAAMPs for Manure Management and Utilization are scientifically based, updated annually, and establish base-level management options for runoff control and wastewater management, odor management, construction design and management for manure storage and treatment facilities, and manure land application [123] .
When manure is applied to cropland it is important to identify the fields and high-risk areas in fields where runoff is likely to occur. High risk areas include sloping ground, fields adjacent to ditches and waterways, bottom land that tends to flood in wet weather, tile drained land, and drained land with surface inlets. Vegetative filters, buffer strips and grass waterways have long been used to separate cropped or manure-applied land from nearby waterways. Widely used soil conservation practices that stabilize soil and prevent overland flow, runoff and soil erosion will help prevent manure contaminants from reaching waterways [124] .
Conservation tillage leaves crop residue on the soil surface and is an effective way to reduce runoff and erosion. Low-disturbance aeration tillage is compatible with no-till cropping and creates an absorptive surface in untilled ground that inhibits overland flow by fracturing the soil, increasing surface roughness, improving infiltration, and conserving crop residues [125] . Tillage is generally helpful in disrupting preferential flow paths. Tillage disrupts macropores, delays manure movement, and can greatly decrease bacteria concentration in effluent [126] . Problems are likely when high rates of manure are applied and when manure is applied on wet ground or when tiles lines are flowing. Efforts to minimize problems must include low application rates [126, 127] . Soil conservation practices that stabilize soil will help keep manure in the proper place. High risk soils typically are fine-textured soils with night crawler burrows. Sandy loams are lower risk.
Overland flow of manure contaminants can contribute to localized ponding and preferential flow to subsurface drains. Cover crops protect the soil from wind and water erosion, recycle nutrients, and improve soil structure and fertility. Cover crops create an effective barrier to overland flow and manure contamination of waterways [125] . When manure is applied to a bare soil surface, nutrients and other contaminants accumulate at the surface and increase the chance of nutrient and bacterial transport in runoff water. When manure is applied to a vegetative surface, the plant biomass and organic matter filters bacteria and nutrients.
Cover crops inhibit overland flow, filter sediment and organic materials, assimilate nutrients, and extract water from the soil thereby increasing water holding capacity. Cover crops can influence the persistence of indicator organisms and pathogens in the root zone. Work by Gagliardi and Karns [128] has shown greater persistence of E. coli O157:H7 on rye roots (47-96 d) and alfalfa roots (92 d) than in bare soil (25-41 d) , but its persistence on crimson clover and hairy vetch roots were similar to bare soil. When manure slurry is applied to a vegetative surface the near-surface zone of high biomass and organic matter can enhance adsorption, straining and filtering of pathogens. Lim et al. [129] showed complete coliform removal of up to 2 × 10 7 colony forming units (cfu) 100 mL Technologies have been developed to treat manure nutrients and some of these technologies may also promote removal and degradation of pathogens such as physical treatments (separation of the solids and liquids in manure slurry by settling, filtration, screening, or drying), chemical treatments (addition of coagulants, such as lime, alum, and organic polymers to manure), and biological treatment (composting and anaerobic digestion).
Conclusions and Recommendations
A comprehensive management plan is needed to address problems of microbial water pollution in rural systems in a sustainable manner. There is a need to integrate the values and needs as well as the efforts of all stakeholders within a risk analysis framework. A key cornerstone of sustainable rural development is effective management of water and waste. Cooperation of farmers, township officials and individual homeowners is critical to achieve an effective plan. Awareness and education of responsible parties is a first step to an integrated plan and requires education of farmers, township officials, individual homeowners and water quality professionals regarding the benefits and risks associated with the use of biosolids and manure to help them make informed decisions about their choices. Interdisciplinary collaborations of scientists, engineers, and other professionals are essential.
Risk assessment frameworks for human exposure to contaminants in rural systems need to be evaluated. These comprehensive frameworks need to include identification of direct and indirect exposure pathways, pathogen data compilation, and risk assessment model development for land application of animal manure compared to biosolids. Quantitative data is a key component in the development of an effective risk assessment framework.
Pollution source tracking can help identify origins of pollution (manure or biosolids). Microbial source tracking tools can be coupled with geographical information system (GIS) data to help identify nonpoint sources in rural areas and minimize the human risks. The associations between bacterial communities and nutrient and chemical concentrations need to be assessed in order to determine if specific microbial community structure could be associated with specific types of chemical inputs and land uses.
Another important issue is the identification of transport mechanisms of contaminants from manure and biosolids to groundwater and surface water. At this point simplistic safety guidelines, such as setback distances, are used for locating wells and waste application sites. More elaborate investigation based on physicochemical processes such as sorption, speciation, and biotic and abiotic transformations of contaminants in soil and water are needed. To achieve that, advanced source tracking laboratory techniques coupled with nested field sampling and process modeling is required.
Existing techniques for managing agricultural waste, such as land application in various crop systems, need to be re-evaluated based on their potential to remove and inactivate contaminants. Over the past decades, waste management focused on the effects of nutrients, especially N and P, on water quality as the most important environmental concern. Microbes originating from biosolid and manure applications are often low on the priority for regulation and best management practices.In many cases, untreated manure may be applied in the setback areas where biosolids land application is prohibited; relatively few regulations govern land application of manure.Federal and state requirements regarding manure pathogens content are needed in order to preserve a water quality in rural areas
The critical issues that need further research and attention include risk assessment models and determination of exposure pathways, optimization and use of quantitative analytical methods, source tracking and transport mechanisms, and optimization of waste and water treatment. Investigation of alternative techniques for treatment of animal waste, such as anaerobic membrane bioreactors, as well as investigation of the feasibility of co-treatment of human and agricultural waste is of great interest.
